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Abstract 
This work proposes a novel biodiesel process based on a reactive dividing-wall column (R-DWC) that allows the use 
of only ~15% excess of methanol to completely convert the fatty acids feedstock. Fatty acid methyl esters (FAME) 
are produced as pure bottom product, water as side stream, while the methanol excess is recovered as top distillate 
and recycled. The optimal configuration was established by using simulated annealing (SA) as optimization method 
implemented in Mathworks Matlab, and coupled via Microsoft Excel with rigorous simulations carried out in 
AspenTech Aspen Plus. The generated improved design alternatives allow a fortune to be saved by having lower 
investment costs and up to 25% energy savings, while also ensuring a smaller plant footprint. 
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1. Introduction 
Biodiesel is an alternative, renewable fuel consisting of fatty acid methyl esters (FAME), currently 
produced from vegetable oils, animal fat or waste cooking-oils [1-4]. The use of inexpensive waste oils 
received increased attention lately, due to the high cost of the refined vegetable oils. However, the waste 
raw materials contain a substantial amount of free fatty acids (FFA) thus not being compatible with 
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current processes. Accordingly, the development of an efficient continuous process for FAME 
manufacturing is required – in which the use of a solid catalyst is needed in order to suppress the costly 
chemical processing steps and the waste treatment. Reactive separations such as reactive distillation (RD), 
reactive absorption (RA), were recently proposed and applied as new processes for FAME synthesis using 
solid acid catalysts [2-9]. By integrating reaction and separation into one unit (e.g. RD) the equilibrium of 
the reaction can be completely shifted toward FAME formation by continuously removing the products.  
 
Another process intensification method implemented at industrial scale, is dividing-wall column 
(DWC) that combines distillation with distillation. Remarkable, DWC is the only known large scale 
process intensification example where both capital and operating costs can be vastly reduced, with the 
additional benefit of reducing the required installation space [10-11]. It is worth noting that DWC is not 
limited to ternary separations only, but it can be used also in extractive distillation, azeotropic separations, 
and reactive distillation [12-15]. Moreover, the design, control and applications of DWC are nowadays 
established [10,11,16]. 
 
This study proposes a novel biodiesel process based on a reactive DWC that allows the use of a small 
excess of methanol to completely convert the fatty acids feedstock. Along with the FAME production, the 
design alternatives generated by simulated annealing optimization allow a fortune to be saved by lower 
investment costs due to the highly integrated equipment, and up to 25% reduced energy requirements and 
CO2 emissions. 
2. Problem statement 
Conventional biodiesel processes are plagued by the drawbacks of using homogeneous catalysts as 
well as the high energy requirements. Fig. 1 (left) illustrates the large energy use implied by a classic two-
step biodiesel process – esterification of free fatty acids (FFA) followed by the trans-esterification of tri-
glycerides [17]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Energy requirements for a conventional two-step biodiesel process (left). Flowchart of the simulated annealing stochastic 
optimization method (right). 
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Fig. 2. Ternary and quaternary diagrams of the reactants-products mixture 
The recovery of the huge excess of methanol and the purification of the FAME product are responsible 
for most of the energy use. As previously described, several reactive separation processes such as reactive 
distillation or reactive absorption, were proposed for the biodiesel production. 
 The problem of these reactive separation systems is that a stoichiometric ratio of reactants is required 
to allow complete conversion of the fatty raw materials and production of two high purity products (e.g. 
water as top distillate and FAME as bottom product). However, maintaining the stoichiometric ratio in 
practice can be difficult especially when the composition of the fatty acids feed is not continuously 
monitored and controlled. To solve this problem and still maintain all the advantages of reactive 
distillation, we developed a novel design based on a reactive DWC – a particular implementation of the 
classic Petlyuk configuration [10]. This allows the use of a slight excess of methanol (~15% or higher), 
while still delivering pure products – methanol as top distillate that can be recycled, water by-product as 
side stream and FAME as bottom product. 
3. Results and discussion 
Simulated annealing (SA) was used as optimization strategy (Fig. 1, right) implemented in Matlab and 
coupled with rigorous process simulations performed in AspenTech Aspen Plus. The R-DWC column 
was simulated using the rigorous RADFRAC unit, explicitly considering three phase balances – since 
phase splitting is possible, as clearly shown in the ternary and quaternary diagrams (Fig. 2). The required 
properties and the binary interaction parameters were available in the Aspen Plus database of pure 
components, while other parameters were estimated using the UNIFAC-DMD group contribution method. 
The fatty components were conveniently lumped, according to the equilibrium (esterification) reaction: 
R-COOH + CH3OH ↔ R-COO-CH3 + H2O.  
Dodecanoic acid/ester was selected as lumped component due to the availability of experimental 
results and VLLE parameters for this system [3,5]. The assumption of lumping components is very 
reasonable, and this approach was already successfully used to simulate other FAME production 
processes [3-6]. In this work, sulfated zirconia is considered as solid acid catalyst, since kinetic data for 
the esterification with methanol is available from previous work [4-5].  
Fig. 3 shows the proposed flowsheet based on a reactive DWC that integrates the reaction and 
separation steps into a single operating unit. FAME is produced as pure bottom product, water by-product 
as side stream, while the methanol excess is recovered as top distillate and recycled.  
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Fig. 3. Flowsheet and topology of reactive DWC for FAME production: 1..N – number of stages, NR – number of reactive stages, 
NL – liquid split stage, NV – vapor split stage 
Note that heat integration methods [7-8] could be applied to further enhance the energy savings. Fig. 4 
shows the composition, as well as the temperature profiles along the reactive DWC. Similar profiles were 
obtained also for the alternative designs. The concentration of the fatty acid and methanol is high at the 
top of the column, while the fatty esters concentration increases from the top to bottom. Therefore, the 
water accumulated in the middle zone is removed as side stream, while FAME delivered as high purity 
bottom product. 
The simulated annealing method is stochastically by nature, so it has two well-known advantages: it 
can be readily connected to highly sophisticated simulators – such as Aspen Plus – and it converges 
towards a global optimum as computing time approaches infinity. In practice, it finds the global 
optimality very efficiently [13,18]. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Liquid (left) and vapor (mid) molar composition, and temperature (right) profiles 
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Fig. 5. Evolution of best function value during the course of SA optimization. Connection of Mathworks Matlab with AspenTech 
Aspen Plus via MS Excel (overlapped). 
During the evolution of the SA, the vector values of variables (Vx) are sent from Matlab to Excel using 
dynamic data exchange (DDE). These values are attributed in Excel to the corresponding process 
variables (Vp) and then sent to Aspen Plus. After running the rigorous process simulation, Aspen Plus 
returns to Excel the vector of results (Vr). Finally, MS Excel returns the value of the objective function 
(FOB) to Matlab for the SA procedure. The flow of these variables between the three programs is 
presented in Fig. 5, along with the evolution of FOB during the course of SA optimization. Note that in the 
reactive DWC, the global optimization problem for the minimization of the reboiler heat duty is defined 
as: 
 
 
 
 
where T is the temperature in the FFA heater, NR is the number of reactive stages, NDWC is the total 
number of stages in the DWC, D is the distillate rate, FSIDESTR is the side stream product flowrate, V is the 
boilup ratio, NSIDESTR and NRECYCLE are the side stream product and recycle location, while rL and rV are 
the liquid and vapor split, while ym and xm are vectors of obtained and required purities for the m 
components, respectively. 
 
The evolution course of the best function value for the SA is conveniently shown in Fig. 5, while 
Table 1 provides the topology of the R-DWC unit and the most important design variables for the base 
case, best solution (S7) and other five configurations (S2-S6) evaluated. Fig. 5 also shows that a great 
number of the function values are jumped off as the optimization method reduces the best function value. 
Remarkable, energy savings of up to 25% can be achieved, just by properly tuning the design of the 
reactive DWC (Table 1). Note that although the complex reactive column S7 has a larger number of 
stages as compared to case S1, the total annual cost is very similar. 
Vx
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Vr
Microsoft Excel
Mathworks Matlab
Optimization Toolbox (SA)
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Table 1. Design parameters for the reactive DWC: base case (S1) vs designs found by SA 
  S1 S2 S3 S4 S5 S6 S7 
Column topology        
Number of stages, N 15 20 39 33 34 35 36 
Number of reactive stages, NR 8 11 24 20 21 19 21 
Liquid split stage, NL 3 5 8 7 7 8 8 
Vapour split stage, NV 12 16 32 27 28 27 29 
Side-draw stage, N1 8 12 30 18 18 17 13 
Organic phase-return stage, N2 3 9 28 7 25 25 26 
Specifications        
Distilate rate (kg/hr) 33 35.34 39.06 34.71 37.12 37.45 37.12 
Boilup ratio (kg/kg) 5 4.85 4.89 4.43 3.96 3.75 3.39 
Side draw  flowrate (kg/hr) 107 118.23 107.63 113.49 122.74 120.15 122.04 
Liquid flowrate, L1 (kmol/hr) 2.6 3.14 2.23 1.32 1.37 1.50 1.29 
Vapor flowrate, V1 (kmol/hr) 2.6 3.25 3.96 1.53 1.90 1.94 2.14 
Product streams        
WATER  flowrate (kmol/hr) 5.70 5.82 5.66 5.82 5.75 5.70 5.67 
WATER purity (%wt) 99.10 97.96 98.68 97.34 98.34 97.73 96.99 
FAME  flowrate (kmol/hr) 5.83 5.83 5.83 5.83 5.83 5.83 5.83 
FAME purity (%wt) 100.00 100.00 100.00 99.97 99.94 99.96 99.96 
Energy requirements        
HEX1 duty (kW) 95.30 68.27 58.34 88.66 103.84 99.57 95.88 
HEX2 duty (kW) 9.69 9.54 9.54 9.54 9.54 9.54 9.54 
Reboiler duty (kW) 405.59 396.48 399.20 361.64 323.39 306.23 277.20 
Condenser duty (kW) -278.11 -246.60 -239.43 -232.21 -209.11 -187.79 -155.18 
Cooler duty (kW) -205.57 -200.71 -200.71 -200.72 -200.72 -200.72 -200.72 
Total heating duty (kW) 510.58 474.29 467.08 459.84 436.77 415.34 382.62 
Total cooling duty (kW) -483.68 -447.31 -440.14 -432.93 -409.84 -388.51 -355.89 
Key performance indicators        
Energy use (kw.h/ton FAME) 408.46 379.43 373.67 367.87 349.42 332.27 306.10 
Energy savings (%) 0.00 7.11 8.52 9.94 14.46 18.65 25.06 
Total CO2 emission (ton/year) 1405 1291 1277 1238 1165 1105 1012 
Economic evaluation        
Annual operating cost (k$/year) 149.79 147.85 136.61 135.04 123.38 117.24 107.71 
Capital cost (k$) 171.60 214.17 395.36 303.21 331.79 324.52 357.06 
Total annual cost (k$/year) 184.11 190.68 215.68 195.68 189.74 182.15 179.12 
Note: S1 – Base case design, S2-S6 – Intermediate designs found by SA, S7 – Optimal design 
4. Conclusions 
The novel integrated design based on a reactive dividing wall column could be successfully used for 
the energy efficient production of fatty acid methyl esters (FAME) from waste raw materials reach in free 
fatty acids (FFA). Remarkable, significant energy savings of up to 25% can be achieved by applying the 
simulated annealing optimization. Moreover, the integrated R-DWC alternative allows several key 
benefits as compared to conventional biodiesel processes:  
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x Efficient use of the raw materials and equipment: only 15% excess of methanol, complete 
conversion of fats, significantly high unit productivity. 
x Elimination of all conventional catalyst-related operations: catalyst neutralization, separation and 
disposal of waste salts, as well as waste water treatment. 
x Flexible plant that is suitable for a large range of feedstock with very high FFA content, such as 
palm fatty acid distillate, animal tallow and waste vegetable oil. 
x Reduced investment costs due to the low number of processing units, and lower energy 
requirements – up to 25% energy savings as compared to the base case. 
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